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ABSTRACT
The interaction of shock waves and boundary layers in hypersonic flow has been studied for
many decades under a variety of interests. Despite this continued interest, models still remain
largely in development and require additional resources for justification of model assumptions. One
simplifying approach seeks to model leading edge boundary layer flows based on the behavior of
asymptotic limits in the flow physics. The asymptotic behavior of shock wave – boundary layer
interactions is investigated for cases of strong interaction between the laminar boundary layer and
attached leading edge shock wave on flat plates and compression ramps.
A commercially available computational fluid dynamics (CFD) solver is configured and auto-
mated to run on a high performance computing (HPC) system. A parametric study of the effects
of hypersonic interaction parameter, body thermal condition, and ramp turning angle for large
mach numbers (M > 4) and low Reynolds number (Re < 3 · 104) is conducted. The Navier-Stokes
equations are solved iteratively for a laminar gas flow matching assumptions made by analytical
models. Spacial modeling is limited to two dimensions and flow is assumed to be steady. The gas
medium is modeled as compressible, calorically perfect air with unity Prandtl number. Effects of
thermal radiation are not accounted for in the current analysis. A limited grid dependence study
shows good independence of solution from grid sizing and convergence of solution results.
Flat plate aerothermodynamics are examined for a range of isothermal and constant heat flux
wall conditions. Shock wave and boundary layer behavior are examined along with properties at
the wall. Isothermal compression ramps are also investigated to observe the effects of upstream
influence in hypersonic flows dominated by viscous effects. Ramp wall pressure and shear stress
show clear signs of upstream influence when compared to flat plates, eventually leading to flow
separation at the ramp-plate junction.
1CHAPTER 1. OVERVIEW
1.1 Introduction
The interaction of shock waves and boundary layers in hypersonic flow has been studied for
decades under a variety of interests. Aerospace vehicles that operate within this regime require
special treatments to handle the profound aerothermodynamic effects that are encountered at such
high speeds. Understanding this high-speed flow regime not only requires knowledge of aerody-
namics, but also heat transfer and chemistry. This added complexity makes hypersonic flight a
problematic case to model. Despite a continued interest, models still remain largely in develop-
ment. Models that do exist are often excessively expensive in computational cost.
To address this issue, many approaches to reduced-order modeling have been suggested. Models
of notable interest seek to reduce modeling complexity by simplifying gas chemistry and utilizing
asymptotic limits in boundary layer behavior. However, limited data exists for comparison of these
models. As computational tools become more accessible, utilizing computational fluid dynamics
and multi-physics modeling to create reference data for the further expansion of these simplified
models becomes promising.
1.2 Objectives
The present study aims to characterize the behavior of shock wave – boundary layer interactions
in hypersonic flow based on assumptions of analytical approaches using commercially available
modeling software. Asymptotic limits in flowfield behavior are of particular interest. Shock wave
and boundary layer profiles are to be extracted and quantified for flat plates of varying thermal
conditions. Compression ramps are to be investigated for signs of upstream influence in wall
properties and flow separation at sufficiently large ramp angles.
21.3 Structure
Chapter 1 gives an overview of the research conducted and its goals. An overview of the
presented work is given.
Chapter 2 reviews relevant previous work done in the field of shock wave – boundary layer
interactions and modeling of hypersonic flow. A focus is placed on work involving flows over a flat
plate with sharp leading edge and compression ramps experiencing separation.
Chapter 3 discusses the development of the current simulations in a commercially available
computational package. Development of a simulation model is discussed with regard to domain size
and discretization, physics modeling, boundary conditions, case determination and run automation.
The model validity is then discussed in the context of grid dependence, high- speed modeling, and
convergence.
Chapter 4 reviews the results obtained from the simulations carried out via methods described
in Chapter 3. First, flat plate behavior is examined for isothermal wall conditions, followed by
constant heat flux through the wall. Effects of introducing a compression ramp to the domain are
then examined.
Chapter 5 reviews the findings of the study at hand. Importance of the results is discussed
in regards to the creation of simplified modeling capabilities based on asymptotic behavior of
hypersonic shock wave – boundary layer interactions.
3CHAPTER 2. REVIEW OF LITERATURE
2.1 Introduction
A review of previous work is presented to overview the extensive work that has gone into charac-
terizing shock wave – boundary layer interactions. A particular focus is placed on the development
of modeling such interaction in hypersonic flows. Notable nondimensionalization techniques from
previous works are also reviewed.
2.2 Previous Work
Shock wave – boundary layer interactions have been a subject of much interest over many
decades. Needham and Stollery (1966) characterize the separation of laminar boundary layers in
hypersonic flows near shock waves and compression ramps. Separation is correlated to both Mach
number and Reynolds number.
Davis (1970) discusses the use of the fully viscous shock layer equations as a simplification to
the full Navier-Stokes equations for hypersonic flows past axisymmetric blunt bodies. Solution
methods propagate a solution downstream from initial conditions at the stagnation line. This
method is intended high Reynolds numbers, but also shows indication of being applicable to lower
values.
Hung and MacCormack (1977) developed a three-dimensional scheme for the complete Navier-
Stokes equations and laminar-supersonic flow. This solver was specifically tailored for compression
corners with no-slip adiabatic walls. In regions where side wall effects are minimal, good agreement
is found with previous two-dimensional solutions.
Dolling and Murphy (1983) characterize the unsteadiness associated with two-dimensional com-
pression ramps in shock wave – boundary layer interactions for turbulent flow. Tests are conducted
with a 24 degree, sharp turn ramp in a Mach 3 blowdown tunnel. The flowfield within the wind tun-
4nel is characterized as steady and ramp surfaces are treated as adiabatic. Unsteadiness is observed
in the separation region at the base of the ramp.
Khorrami and Smith (1994) conduct a two-dimensional investigation of steady, laminar, hy-
personic flows of a perfect gas for multiple values of Prandtl number on flat plates, followed by
thin-body airfoils. This investigation is conducted using a downstream-marching finite-difference
solver with matched asymptotic expansions of the viscous and invsicid layers of the hypersonic
shock layer originally developed by Khorrami (1991). The results show good agreement with other
computational results based on the Navier-Stokes or parabolized Navier-Stokes equations. The
approach of the parabolized Navier-Stokes equations are discussed by Pletcher et al. (2013).
Maslov et al. (1999) calculate hypersonic flows using the full viscous shock layer model on sharp
leading edge plates. Results are compared to experimental results taken in a hypersonic wind
tunnel with nitrogen as the gas medium at Mach 21 with good agreement. Reynolds numbers of
tests ranged from Rex ∼ 104 to Rex ∼ 106.
Davis and Sturtevant (2000) conduct studies in a nitrogen gas shock tunnel with double com-
pression ramp geometries to explore high enthalpy, nonequilibrium real gas behavior in a par-
tially dissociated freestream. Approximate models are then created of the flowfield using inviscid,
nonequilibrium gas behavior. An additional study is conducted in the numerical modeling of re-
acting boundary layers.
John et al. (2013) develop a two-dimensional finite volume method solver for shock wave –
boundary layer interactions problems with an interest in flow separation on compression ramps
and effects of leading edge bluntness. The gas medium is modeled as an ideal gas with dynamic
viscosity determined by Sutherland’s Law and a Prandtl number of 0.71. This investigation was
limited to isothermal walls, with the exception of an adiabatic wall.
Mortazavi and Knight (2016) recreate previous experiments on axisymmetric bodies using an
in-house MPI program to simulate an unsteady laminar perfect gas. Numerical model is used
to predict pressure and heat transfer on the body in question with good agreement to previous
experiments. Mortazavi and Knight (2017) then simulate unsteady shock wave – boundary layer
5interaction over a plate with an extruded blunt fin. Heat transfer predictions in this case also show
good agreement with experiments.
Although it is not the topic of the present work contained in this paper, another notable area
of shock wave – boundary layer research is that of shock wave impingement on a boundary layer,
described by Liepmann and Roshko (2001) and Anderson (2011). These interactions can cause
discontinuities in surface conditions and flow separation, for which reason it has been extensively
studied such as reported by Friedlander (2013), Georgiadis et al. (2013), Davis (2015) and Gross
et al. (2018). Cerminara et al. (2018) investigate this topic as well, but with a focus on adding wall
porosity to the simulation. More general overviews and investigations of shock wave – boundary
layer interactions are presented by Korkegi (1971), Adamson and Messiter (1980), Knight and
Degrez (1998) and Dolling (2001).
Other notable and related investigations include that of transition and turbulence. Stemmer
(2002) investigates laminar-turbulent transition using direct numerical simulation. The effectiveness
of the SST turbulence model for turbulent shock wave – boundary layer interactions is examined
by Brown (2014). Better modeling of reacting flows has been investigated by Park (1985) and
Kianvashrad and Knight (2018).
2.3 Nondimensionalization
Nondimensionalization of data is a key part of creating comparable data that is also useful for
user interpretation of flow-field behavior. Khorrami (1991) created asymptotic expansions for shock
layers in hypersonic flow to create a set of first order equations in a nondimensional form for both
viscid and inviscid regions of flow for leading edge shock wave boundary layer interactions.
Table 2.1 Khorrami Viscous Layer Nondimensionalization
x∗ = xL y
∗ = yL δ
∗ = δL u
∗ = uU∞ v
∗ = vU∞
p∗ = p
2γM2∞p∞
T ∗ = T
γM2∞T∞
ρ∗ = ρ
2ρ∞ H
∗ = H
U2∞
µ∗ = µ
M2∞µ∞
6Table 2.2 Khorrami Inviscid Layer Nondimensionalization
x∗ = xL y
∗ = yL u
∗ = u
(1+2)U∞ v
∗ = vU∞
p∗ = p
2γM2∞p∞
T ∗ = T
2γM2∞T∞
ρ∗ = ρρ∞ H
∗ = H
(1+2)U2∞
Tables 2.1, 2.2 show the nondimensional terms used by Khorrami for the viscous and inviscid
layers, respectively. Khorrami specifically develops these relations for the steady, laminar, two-
dimensional continuum flow of a calorically perfect gas over a flat plate with a sharp leading edge
where the small perturbation parameter  is defined as  = M
1/2
∞
Re
1/4
∞
. The parameters in Table 2.1 can
be substituted into the Prandtl Boundary Layer equations as noted by Khorrami and Smith (1994).
This uses the boundary layer assumption of constant pressure for a given downstream station x, or
∂p/∂y = 0.
∂ (ρu)
∂x
+
∂ (ρv)
∂y
= 0 (2.1)
ρu
∂u
∂x
+ ρv
∂u
∂y
= −∂p
∂x
+
∂
∂y
(
µ
∂u
∂y
)
(2.2)
ρu
∂H
∂x
+ ρv
∂H
∂y
=
∂
∂y
(
µ
Pr
∂H
∂y
)
+
∂
∂y
[(
1− 1
Pr
)
µu
∂u
∂y
]
(2.3)
The Prandtl Boundary Layer equations for continuity, momentum and energy are shown in
Equations 2.1 – 2.3 respectively. These equations are also described by White (1991). Likewise,
the dimensionless quantities described in Table 2.2 can be substituted into the compressible Euler
equations
ρu
∂u
∂x
+ ρv
∂u
∂y
= −∂p
∂x
(2.4)
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∂v
∂x
+ ρv
∂v
∂y
= −∂p
∂y
(2.5)
ρu
∂p
∂x
+ ρv
∂p
∂y
= γp
(
u
∂ρ
∂x
+ v
∂ρ
∂y
)
(2.6)
The continuity equations remains that shown in Equation 2.1 for the Euler Equations. The
streamwise and transverse momentum components are shown in Equations 2.4, 2.5 respectively.
The energy equation is that of Equation 2.6. These invsicid flow equations are also described by
Anderson (1990).
Miller (2015) introduces a new similarity parameter for use with two-dimensional adiabatic flat
plates and ramps in supersonic flow with upstream influence. This parameter which represents a
ratio of inertial forces to pressure forces where ∆p = pc − p∞. In this form, pc is defined as the
downstream inviscid pressure behind a shock.
Inertial Force
Pressure Force
=
V 2
∆p/ρ
=
M2γp
∆p
(2.7)
Miller further uses the parameter defined in Equation 2.7 to correlate the upstream influence
and elliptic region length found in historical data of wall flow shock – impingement cases.
8CHAPTER 3. COMPUTATIONAL MODELING AND PROCEDURES
3.1 Introduction
The present investigation utilizes a commercial software package to simulate laminar, hypersonic
flows over a range of geometries and boundary conditions. The setup of this software is detailed
in Section 3.2. The configured solver is then validated using tests and checks for physics modeling.
This validation is discussed in Section 3.3.
3.2 Solver Setup
A simulation model is developed in a commercial CFD code to investigate flat plates and
compression ramps. Development of the domain, mesh and physics are described. Suitable solvers
are selected and paired with appropriate boundary conditions. The final model is then automated
to run on a university HPC system.
3.2.1 Software
The research described henceforth is accomplished using a commercial CFD code. The partic-
ular code used is STAR-CCM+ v12.04.010, produced by Siemens Product Lifecycle Management
Software Inc. STAR-CCM+ is a CFD-centered multiphysics simulation tool, which offers the capa-
bilities to simulate aero-acoustics, fluid dynamics, heat transfer, multiphase and reacting flows to
name a few, along with numerous tools for other problem domains. This comprehensive software
package has already seen large use in the aerospace community, such as noted by Shankara and
Snyder (2012), Stoll (2015) and Mavreles (2016).
93.2.2 Simulation Domain
The first step to creating the simulation model for STAR-CCM+ is to create the simulation
domain in which the physics are modeled. This is done using the computer aided design (CAD)
modeler within STAR-CCM+. Since the interest of the investigation is both flat plates and com-
pression ramps, the model is developed to allow testing a multitude of configurations. A unified
CAD model allows for increased flexibility in test configurations while also eliminating potential
variants between test cases.
3.2.2.1 Flat Plate
The simplest configuration of the simulation domain is that of the flat plate. In this configu-
ration, a plate of horizontal length L is simulated. To maintain sufficiently low Reynolds numbers
to hold the assumption of laminar flow for an investigation of hypersonic speeds, the physical size
of the plate is set as L = 0.25mm. The domain is sized to give sufficient spacing such that the
area of interest, in this case the flat plate, is separated from the domain boundaries to avoid any
interference. This spacing includes a lead-in distance of 0.5L ahead of the flat plate leading edge
and an additional 0.5L extension of the plate behind the area of interest. This gives space for the
solution to develop flow features at the leading edge and propagate the solution downstream before
exiting a boundary condition. This spacing can be seen in Figure 3.1.
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Figure 3.1 Domain Sizing of Flat Plate Configuration
3.2.2.2 Compression Ramp
The ability to convert the flat plate into a compression ramp is added by hinging the plate at
the x/L = 0.5 point, where x is the downstream distance. This hinge is a sharp corner and has
no filleted radius. This is of particular concern to those in analytical sciences, as the slope of the
plate is a discontinuity at this point. It should also be noted that since the length of the plate is
defined as the horizontal distance, or distance in the x-direction, the actual surface length of the
plate becomes greater than L. The dimensions of this configuration is shown in Figure 3.2.
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Figure 3.2 Domain Sizing of Ramp Configuration
3.2.2.3 Optional Angle of Attack Adjustment
The option to adjust the angle of attack is also built into the CAD model. This additional
configuration is implemented by simply rotating the leading edge of the plate geometry. While not
used in the current investigation, this allows for the future capability to investigate wedges and
double compression ramps, such as studied by Davis and Sturtevant (2000).
3.2.3 Mesh Continua
With a configurable domain developed for simulations, an appropriately refined and robust mesh
is then created to capture the areas of interest. The selected meshing models in STAR-CCM+ are
listed in Table 3.1. Parameters are adjusted for these meshing models to refine the simulation
domain around the boundary layer and shock wave over the flat plate. Additional sizing control is
added to reduce impact of far-field boundary conditions.
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Table 3.1 Meshing Continua Models
Meshing Model Group Meshing Model Used
Volume Mesher Polygonal Mesher
Optional Volume Meshers Prism Layer Mesher
3.2.3.1 Volume Mesher
Several volume meshers are available within STAR-CCM+ for conducting two-dimensional sim-
ulations, with options of triangular, quadrilateral, trimmer and polygonal cells. These are all un-
structured meshes, but the trimmer mesh provides the ability to create quadrilateral cells where
the faces are aligned with a Cartesian coordinate system. The trimmer mesh is limited to either
isotropic refinements of splitting cells in fourths, or anisotropic refinements which increase cell
aspect ratios. The polyhedral mesh is created as the dual mesh of a triangular mesh.
The number of faces per cell must be considered for two reasons. The first is that an element
with more faces will require more computational time, and therefore will run slower than an element
with less faces on a cell-per-cell basis. The second is that aligning cell faces with the direction of
flow can help improve solution detail and convergence. It can be reasoned that the triangular cell
would be preferred for the first criteria, while the polygonal cell would be preferred for the second.
A good compromise is to use the trimmer mesher due to its lower face count and ability to orient
the mesh in a given direction. However, with the goal of these simulations being that of boundary
layer development, orienting to one direction with the trimmer mesh results in a loss of resolution in
the solution. Since computational resources are not a limiting factor for this analysis, the polygonal
mesher is selected to improve the robustness of the solution.
3.2.3.2 Additional Meshing
This prism layer mesher is traditionally used in STAR-CCM+ to capture the entire boundary
layer. However, the size of the boundary layer relative to the total domain for the simulations in
question prevents this typical implementation from being feasible. That being said, aspects of the
prism layer mesher are still utilized in the current setup.
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The prism layer mesher constructs stretched quadrilateral cells in near-wall regions to capture
large gradients that are typically found in these areas. The grid construction is used to add greater
resolution next to the no-slip wall condition of the flat plate, thus refining the velocity gradients.
These refined cells also allow for better capturing of the thermal effects near the wall.
3.2.3.3 Mesh Sizing and Refinement
Mesh sizing in STAR-CCM+ is determined from a base size, which all other cell size controls
are set from. The benefit of defining the grid from a base size is the ability to uniformly adjust
cell density by raising or lowering the base size. A grid study is conducted by varying this base
size as a multiplier of the the plate length to determine any requirements on mesh size to obtain a
grid independent solution. The results of this study are covered in Section 3.3.1. The determining
factor in the mesh sizing was ultimately the ability to resolve shock wave locations. The option
of implementing adaptive mesh refinement to concentrate cells around shock waves was tested,
but ultimately was not implemented after causing poor meshing near the wall boundaries in the
prism layer. The importance of refining meshes to capture shocks is demonstrated by Lovely
and Hairnest (1999), who note that some methods of shock capturing in CFD result in a linear
relationship between cell size and shock thickness in the numerical results. The base size, lb, for
defining the mesh is set as lb = 0.275L after considering the previous information.
The default cell size in the domain is set to lb/10 and the outer boundaries for which the flow
enters and exits the domain are size as 2lb. This diffusion in the far-field helps prevent spurious
behavior from occurring at the domain boundaries. Several levels of mesh refinement are set up to
concentrate cells where necessary for the boundary layer solution. Since these refinement regions
overlap, it is important to note that STAR-CCM+’s mesher will build the mesh with the smallest
refinement specified for a given area.
Two major refinement regions are defined as quarter-ellipses. The larger of these is the down-
stream refinement region, which extends from the leading edge to the exit boundary, as shown
in Figure 3.3a for the flat plate configuration and Figure 3.3b for the ramp configuration. This
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region is refined to a cell size of lb/50. This is an intermediate size that retains general flow field
characteristics while still keeping a relatively coarse grid.
(a) Flat Plate Configuration (b) Compression Ramp Configuration
Figure 3.3 Downstream Mesh Refinement Region
The smaller quarter-ellipse refinement is the primary refinement region, which imposes a fine
cell size of lb/400 in the area immediately surround the flat plate. This region is shown for a flat
plate configuration in Figure 3.4a and for an arbitrary ramp configuration in Figure 3.4b. This is
the region in which results are to be extracted from, hence the need for added resolution.
(a) Flat Plate Configuration (b) Compression Ramp Configuration
Figure 3.4 Primary Mesh Refinement Region
Additional mesh refinements are then added in the near wall region. Two radial refinements are
added centered about the leading edge to add solution detail in the region where both the boundary
layer starts to develop and the leading edge shock wave is attached, resulting in significant shock
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wave – boundary layer interaction. The larger of these two radial refinements is for a radius of
r = L/25 and sets the local cell size to lb/1000. The smaller refinement is for a radius of r = L/50
and sets the local cell size to lb/2000. Finally, the prism layer mesher refines the entire bottom
surface of the domain to resolve the no-slip boundary condition. The prism layer properties are
described in 3.2. It should be noted that specification of the near wall thickness, the thickness of
the first cell off the wall, remains separate of the base size so that the thickness of this first cell
remains constant.
Table 3.2 Prism Layer Mesh Properties
Size Control Parameter Setting
Number of Prism Layers 20
Prism Layer Near Wall Thickness 4L · 10−6
Prism Layer Total Thickness 0.16lb
The resulting mesh is shown for a reduced cell count (lb = 2.0L) to demonstrate concentration
of mesh refinement and full simulation mesh (lb = 0.275L) for a flat plate in Figures 3.5 and 3.6,
respectively. This is likewise demonstrated for a ramp configuration in Figures 3.7 and 3.8.
Figure 3.5 Flate Plate Mesh - Reduced Cell Density
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Figure 3.6 Flate Plate Mesh - Solution Cell Density
Figure 3.7 Compression Ramp Mesh - Reduced Cell Density
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Figure 3.8 Compression Ramp Mesh - Solution Cell Density
3.2.4 Physics Continua
STAR-CCM+ provides a large variety of physics models to choose from. The following section
covers the physics models chosen for the purposes of this investigation. The physics models can
be seen in Table 3.3. It should be noted that these differ from the recommended flow models in
Section 3.3.2.2, which may produce more physical results, but do not address the interests of this
investigation in replicating analytic models in CFD.
Table 3.3 Physics Continua Models
Physics Model Group Physics Model Used
Space Two Dimensional
Time Steady
Material Gas
Flow Coupled Flow
Gradients Metrics Gradients
Equation of State Ideal Gas
Energy Coupled Energy
Viscous Regime Laminar
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3.2.4.1 Numerical Flow Solution
Numerical flow in this investigation is solved using the finite volume Coupled Flow/Energy
model. This model solves continuity, momentum, and energy conservation equations as a vector of
concurrent equations.
∂
∂t
∫
V

ρ
ρv
ρE
 dV +
∮ 
ρv
ρvv + pI−T
ρvH + pv−T · v− q˙”
 · dA =
∫
V
FdV (3.1)
The full coupled equations can be seen in Equation 3.1 (Siemens PLM, 2017b, p. 7269–7270). These
equations are simplified by the inclusion of other physics models. The two-dimensional space model
influences the size of the vector variables by limiting the solver to two spacial dimensions. The
steady flow time model eliminates the unsteady effects, reducing the governing equations to their
final form. This resulting Coupled Flow/Energy model allows for these equations to be solved with
either implicit or explicit methods.
∮ 
ρv
ρvv + pI−T
ρvH + pv−T · v− q˙”
 · dA =
∫
V
FdV (3.2)
3.2.4.2 Gas Model
The ideal gas law is used in the physics models to relate pressure, density, and temperature
(Siemens PLM, 2017b, p. 7220). The gas used in this investigation is calorically perfect air, which
in turn applies an assumption of constant specific heat in addition to the ideal gas law.
p = ρRT (3.3)
R =
Ru
Mair
(3.4)
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3.2.4.3 Viscous Terms
The present investigation is only concerned with flows in which the Reynolds number is low
enough for the flow to be assumed laminar. This removes the need for any turbulence model.
Rather, the viscous stress tensor was solved as a function the rate of the deformation tensor (Siemens
PLM, 2017b, p. 7225).
T = 2µD− 2
3
(∇v) I (3.5)
D =
1
2
(
∇v + (∇v)T
)
(3.6)
Dynamic viscosity is then calculated using Sutherland’s Law as described by Sutherland (1893)
(Siemens PLM, 2017b, p. 7225). Sutherland’s law is noted for being more accurate for a wide range
of temperatures by Ames Research Staff (1953).
µ
µref
=
(
T
Tref
) 3
2
(
Tref + S
T + S
)
(3.7)
The unity Prandtl number as defined by Schetz (2010) is then used to calculate the thermal con-
ductivity, where specific heat is constant as mentioned in Section 3.2.4.2.
k =
cpµ
Pr
= cpµ
∣∣∣∣
Pr=1
(3.8)
3.2.5 Numerical Solvers
The coupled flow model described in Section 3.2.4.1 is solved using implicit integration with
second order discretization. The coupled inviscid fluxes are solved for using Liou’s AUSM+ flux-
vector splitting scheme as introduced by Liou (1996) and further discussed by by Liou (2001). This
is the recommended scheme by STAR-CCM+ for cases of high mach number, due to a noted better
ability to capture shock waves and reduced susceptibility to the carbuncle phenomena (Siemens
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PLM, 2017b, p. 3201). The carbuncle phenomena is discussed in detail by MacCormack (2011).
Algebraic multigrid is utilized in STAR-CCM+ to solve linear systems, such as described by Fletcher
(1988) and Pletcher et al. (2013). For the purposes of this experiment, a V-Cycle sweep is used
with a Bi-Conjugate Gradient method. The gradient model selected uses Hybrid Gauss-LSQ with
Venkatakrishnan limiter.
Solver settings are modified to maintain stability during the solution process. A linear Courant
number ramp is used at the start of the solution to begin with a Courant number of 0.1 and ramp
up to a value of 3.5 over the first 25 iterations. The expert driver then adjusts the Courant number
as the solution runs to maintain convergence of the Algebraic Multigrid Linear Solver.
3.2.6 Domain Boundary Conditions
Domain boundary conditions are used to set far-field and plate conditions for a case solution
to be solved from in the discretized domain. Boundary conditions are selected to increase solver
robustness and adapt to the multitude of cases run.
3.2.6.1 Freestream
The freestream boundary condition is used for the upstream inflow and upper horizontal bound-
aries. The freestream Mach number, temperature, and pressure are specified for the boundary.
Velocity is then calculated as a function of the Mach number and temperature.
A notable property of the freestream boundary is that it is a quasi non-reflective boundary
condition. A concern of modeling shock waves is spurious reflections on boundary conditions. While
other methods of reducing the likelihood of a shock wave impinging on the boundary condition are
implemented in domain sizing and meshing, discussed in Sections 3.2.2 and 3.2.3 respectively, this
adds another layer of robustness to the model setup.
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3.2.6.2 No-Slip Wall
The no-slip wall boundary condition is used for the plate-ramp geometry boundary. This
specifies the tangent velocity at the wall equal to zero. The thermal condition of the wall is
imposed using the temperature or heat flux property assignments in STAR-CCM+, depending on
the case in question. These thermal properties are assigned as constant across the plate. Pressure
on the wall is calculated using gradient reconstruction from neighboring cells.
3.2.6.3 Pressure Outlet
The pressure outlet boundary condition is used for the downstream outflow at the end of the
plate. Velocity at the boundary set equal to that of the domain internal velocity of neighboring
cells. For supersonic flows, the pressure and temperature on this boundary is extrapolated from
the adjacent cells. This boundary condition allows the boundary layer solution to exit the domain.
Although this boundary condition is designed to extrapolate temperature and pressure for an
outlet from upstream conditions, testing shows that the outlet can still impose nonphysical gradients
in the immediate area from a required user input. For this reason, the spacing mentioned in Section
3.2.2 is important to negate any errors in solution that can occur from this. Testing shows that
the aforementioned spacing is sufficient in separating imposed outlet conditions from the boundary
layer solution in the region of interest.
3.2.6.4 Upstream Symmetry
The symmetry boundary condition is used for the horizontal boundary ahead of the plate leading
edge. This condition uses gradient reconstruction to set shear stress and heat flux at the boundary
to zero. The parallel velocity component, pressure, and temperature are extrapolated from adjacent
cells. The normal velocity component on this boundary is set to zero.
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3.2.7 Case Determination
Case determination is carried out to find a combination of test parameters that would uniformly
survey the topic of interest without unnecessary cases. Parameters of interest are arranged such
that the effect of combined freestream properties can be examined. A proper combination is then
chosen.
3.2.7.1 Parameters of Interest
The primary parameter of interest is the hypersonic interaction parameter, χ. This is defined
likewise to that of Khorrami and Smith (1994). It should be noted that this notation deviates
from the standard definition presented by Dorrance (1962) of χ = M3∞
√
C
Re∞ . For the current
investigation, the Chapman-Rubesin parameter C is assumed to be unity, and the overall term is
the cube-root of that presented by Dorrance, as the current interest is in that of strong interactions.
χ =
M∞
Re
1/6
∞
(3.9)
The next parameter of interest is the wall thermal condition. This is investigated with two
different types of boundary conditions at the plate surface: constant temperature and constant
heat flux. The constant temperature cases are set by determining the nondimensional asymptotic
wall enthalpy, H∗w. This is defined as the ratio of the wall enthalpy to the square of the freestream
velocity as the freestream Mach number goes to infinity.
H∗w = lim
M∞→∞
cpTw
U2∞
(3.10)
The cases of H∗w and subsequent ranges of χ each case is tested over can be found in Table 3.4,
resulting in a matrix of cases. The asymptotic behavior of these values as the Mach number, and
subsequently the hypersonic interaction parameter, go to infinity is demonstrated in Figure 3.9.
This behavior shows clearly that at the asymptotic limit, these values approach that of half the
ratio of wall temperature to freestream total temperature.
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Table 3.4 Nondimensional Wall Enthalpy Cases
Parameter Start Value End Value Increment
H∗w 0.1 0.5 0.1
χ 1.0 3.0 0.25
Figure 3.9 Asymptotic Behavior of Nondimensional Wall Enthalpy
Cases of constant plate heat flux are more representative of an object traveling at hypersonic
speeds, where there leading edge will experience greater amounts of heating. An order of magnitude
case study is conducted for a sparse range of χ compared to the constant temperature cases, shown
in Table 3.5.
Table 3.5 Plate Heat Flux Cases
Parameter Start Value End Value Increment
q 0 106W/m2 Orders of Magnitude, Starting with 10
χ 1.0 3.0 0.5
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The final parameter of interest is the ramp angle, θ, defined counterclockwise from the line
extending horizontally from the front half of the plate. This parameter controls the hinging angle
at the midpoint of the plate and enables the conversion between flat plates and compression ramp
studies. This angle definition doubles as the standard definition of turning angle in supersonic flow
over a sharp compression ramp. The investigated range of ramp angles can be found in Table 3.6.
These angles are tested for the parameters of the constant temperature investigation previously
mentioned in Table 3.4.
Table 3.6 Ramp Angle Range
Parameter Start Value End Value Increment
θ 0◦ 18◦ 2◦
3.2.7.2 Calculation of Parameter Combinations
As shown in Equation 3.9, creating cases with desired hypersonic interaction parameters re-
quires setting a combination Mach and Reynolds numbers. However, since both these terms are
functions of the freestream velocity and static temperature for a compressible ideal gas, they must
be expanded to determine their contributing flowfield properties.
M∞ =
U∞√
γRT∞
(3.11)
Re∞ =
p∞U∞L
RT∞µ∞
(3.12)
Equations 3.11 and 3.12 which define the freestream Mach and Reynolds numbers for an ideal
gas, respectively. These two expanded parameters can then be equated through the hypersonic
interaction parameter.
Re∞ =
(
M∞
χ
)6
(3.13)
U5∞
T 2∞
=
γ3R2χ6p∞L
µ∞
(3.14)
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The equated parameters use the relation shown in Equation 3.13 to create the nonlinear rela-
tionship of Equation 3.14. It should be noted that this form leaves freestream dynamic viscosity
as a function of temperature on the left hand side via Sutherland’s Law. This is accounted for by
picking a constant freestream static temperature and using the ratio in the relation of Equation
3.14 to calculate the required freestream velocity. This gives a close calculation to the desired pa-
rameters. The interaction parameter can then be calculated from the final results of the simulation,
with very minor deviation from the desired value.
3.2.7.3 Freestream Properties
Freestream properties are determined using the process described in Section 3.2.7.2 for a gas
with the properties of air where R = 286.9 Jkg K , γ = 1.4. The freestream static temperature is
chosen to be T∞ = 300 K. The static pressure is 30% of that at sea level, or p∞ = 30397.5 Pa.
This pressure was chosen to reduce the need for limiter corrections just behind the leading edge of
the plate, where shock wave – boundary layer interaction is the highest and near-zero pressures of
free molecular flow can be encountered with sufficient refinement.
3.2.8 Run Configuration and Automation
Due to the expansive nature of the investigation, a large amount of automation tools were
developed to facilitate both ease of running cases and continuity between them. A method of
initializing cases with viscous terms for faster convergence is implemented. Java programming
is utilized to setup and run cases in a repeatable process. High Performance Computing (HPC)
systems are utilized to run cases in parallel.
3.2.8.1 Case Initialization
Cases are initialized using a coarse grid to obtain a generalized flow field solution with minimal
run time at the start of each case. This coarse grid contains the same refinement regions as the
full solution mesh, but the reference base size of the volume mesher is set to lb = 2L, resulting in
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fewer and much larger cells. The initialization run starts with initial conditions of uniform velocity
and static temperature set to those of the freestream boundaries and steps for 5000 iterations.
This duration was chosen based on observing solver performance on the low grids and the ability to
predict the boundary layer profile in a short amount of time. An example result of this initialization
process is shown in Figure 3.10, which displays a contour of Mach number resulting from this
process. While not an exact solution, it provides a good initial guess to the final solution. At the
end of the initialization run, the coarse grid solution is stored within STAR-CCM+ and interpolated
onto the full solution grid as initial conditions. The results from the converged full solution can be
seen in Figure 3.11 at grid resolution (no smoothing). When comparing the final result to Figure
3.10, it can be seen that the initial conditions are in good agreement with the final solution. The
addition of good initial conditions helps significantly reduce the run time.
Figure 3.10 Example Case Initialization Resultant Mach Number
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Figure 3.11 Example Full Grid Resultant Mach Number Solution
This process is similar to the grid sequencer feature in STAR-CCM+, which initializes the
flow field with an inviscid solution over a series of coarse grids that are incrementally refined.
However, since the problem of interest is dominated by viscous effects in the near wall regions,
the fundamental nature of the grid sequencer being an inviscid solver results in an inability to
initialize the domain properly. The previously described method allows for a similar approach
while capturing the viscous effects and thus accelerating convergence of the case.
3.2.8.2 Java Macro Automation
The ability to record and modify Java Macros in STAR-CCM+ is greatly leveraged to ensure
continuity of case creation and reduce potential for user error. With a base simulation file created
for the model criteria covered in Sections 3.2.2 - 3.2.6, the configuration of this model for different
cases is then incorporated in a macro to run a range of hypersonic interaction parameters for any
given set of boundary conditions. This process is illustrated in Figure 3.12.
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Figure 3.12 Java Automation Workflow
The case parameter loop runs through an array of interaction parameters, which determine the
freestream conditions based off the methods highlighted in Section 3.2.7.2. The plate geometry and
thermal condition for this loop are held constant, so individual cases of geometry and wall thermal
boundary condition must be manually created. For each interaction case, the run case sequence
executes the solution process. This starts by updating the freestream properties to those currently
specified by the outer case parameter loop.
At this point, the case can be initialized as described in Section 3.2.8.1. This passes the
simulation back to the run case sequence with an updated initial conditions table for the current
case. Once the fully refined mesh is created, the initial conditions are applied and the solution runs
for a finite amount of iterations. For all cases, 25000 iterations was set as the stopping criteria
for the run. This value was selected based on previous testing of convergence rates, with extra
iterations to quantify a converged solution.
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3.2.8.3 High Performance Computing
Due to the vast amount of cases to be examined by this investigation, large amounts of com-
putational power would be necessary to perform runs in a reasonable amount of time. The Condo
Cluster maintained by the HPC Group at Iowa State University was utilized to run batch jobs
in parallel. Jobs are run on 96 2.0-GHz 6-Core Intel E5-2620 processors with 40 Gb Infiniband
interconnects and a total 512 GB of RAM available. This reduces the computational time required
to a manageable level that allowed for an expansive investigation on high-resolution computational
grids.
A typical case for the previously described setup takes approximately two hours to run from
creation to finish. A parallel efficiency study was not performed for this research, but previous
studies have been performed by Siemens Product Management for a variety of cases in STAR-
CCM+, including an aerospace vehicle in hypersonic flow with nearly 100% efficiency at 224 cores,
dropping to approximately 80% efficiency by 896 cores as noted by Siemens PLM (2017a).
3.3 Solver Validation
Although a model has been created, the assumptions made within it must still be examined. A
grid independence study is conducted to evaluate mesh sizing. Assumptions in physics modeling are
examined for validity in the STAR-CCM+ continuum-based solver. Models for additional realism
of results are presented.
3.3.1 Grid Independence Studies
Verifying a solutions independence from the computational grid helps confirm validity of the
investigation. A limited grid independence study for the developed model is conducted using a
flat plate case with an isothermal wall set to the freestream stagnation temperature. While the
exact error of the solution cannot be determined due to lack of an exact solution, grid effects on
convergence due to mesh size are evaluated. The effects of solver accuracy are also investigated by
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testing both single (R4) and double (R8) precision versions of STAR-CCM+. Solution variance is
determined using section force coefficient of lift, cl, drag, cd, and leading edge moment cm.
3.3.1.1 Grid Dependence on Run Parameters
Due to time constraints, grid convergence studies could not be performed for every case. Instead,
select cases of were tested on a single isothermal flat plate configuration. The case tested was that
of wall thermal condition H∗w = 0.5. This was chosen as it is the most extreme thermal loading
case tested and is therefore the most likely to cause problems in the solution process.
This setup was tested for hypersonic interaction cases of χ = {1.0, 2.0, 3.0} to better char-
acterize the impact of shock wave – boundary layer interaction on the solution convergence. Cell
counts were varied over multiple orders of magnitude to characterize solution behavior related to
mesh refinement. A grid dependence study has been performed the mesh sizes listed in Table 3.7.
Cell counts were determined by varying the base size set within STAR-CCM+ for the meshing
continua. The increment of the base size multiplier becomes less as the multiplier itself reduces to
much lower values, due to an exponential increase in the number of cells with regard to cell size.
3.3.1.2 Solution Dependence on Grid
Solution dependence on grid sizing is determined to find the minimum grid size to run on in
order to reduce run times. By evaluating the diminishing returns on further refinement of the
computational mesh, a maximum required mesh density can be determined. This is done by taking
the solution error from the finest grid solution on each of the lesser grids. Solution variance due
to grid coarseness is evaluated for χ = 1.0, χ = 2.0 and χ = 3.0 in Figures 3.13, 3.14 and 3.15
respectively.
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Table 3.7 Grid Refinement Study Mesh Sizes
Mesh Base Size Cell Count
1.7500L 39597
1.6250L 45765
1.5000L 49344
1.3750L 53060
1.2500L 61263
1.0625L 85261
1.0000L 109706
0.8750L 138921
0.7500L 175907
0.6250L 218273
0.5000L 407603
0.3750L 666786
0.3500L 696877
0.3250L 777292
0.3000L 868318
0.2750L 1109929
0.2500L 1574153
0.2250L 1902058
0.2000L 2407324
0.1750L 2672685
0.1500L 3352964
0.1250L 6124654
Figure 3.13 Grid Error from Finest Grid for χ = 1.0
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Figure 3.14 Grid Error from Finest Grid for χ = 2.0
Figure 3.15 Grid Error from Finest Grid for χ = 3.0
The results of these three studies show that there is very little deviation from the most refined
grid with over six million cells. The largest error is encountered in the highest interaction case of
χ = 3.0, but even this case is bounded by the max error being 1.5%. There is also a noticeable
level off by one million cells for each interaction case, especially noticeable at lower values of χ.
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3.3.1.3 Solution Oscillation
The effect of grid sizing was also investigated in regard to the solution convergence to a singular
value by evaluating the oscillation over the end of the solution run. For the purposes of the grid
convergence study, cases were evaluated over the last 20% of the simulation. This value is picked
rather arbitrarily, but represents a significant portion of the solution. Since the solution is steady,
the forces are expected to converge on singular values. The oscillatory behavior of solution results
is examined for interaction cases of χ = 1.0, χ = 2.0 and χ = 3.0 in Figures 3.16, 3.17 and 3.18
respectively.
Figure 3.16 Grid Solution Oscillation from Final Result for χ = 1.0
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Figure 3.17 Grid Solution Oscillation from Final Result for χ = 2.0
Figure 3.18 Grid Solution Oscillation from Final Result for χ = 3.0
The results of the solution oscillation study for grid independence show that the number of cells
has a negligible effect on the convergence of a final solution. All levels of interaction and refinement
tested show solution convergence within 0.5% of the final reported value from the simulation. This
ensures that any grid level chosen from those tested will be capable of converging on a final solution
for the steady state calculation.
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3.3.2 High-Speed Flow Model Recommendations
STAR-CCM+ is a solver based on continuum mechanics. In high-speed regimes, additional
care must be taken to ensure proper modeling of the domain in question. To verify this, one must
first check that the continuum assumption holds. Once the continuum condition is satisfied, proper
models may then be chosen.
3.3.2.1 Continuum Assumption
The continuum assumption is validated by calculating the Knudsen number, which represents
the ratio of mean free path to the characteristic length scale of the body in question. The continuum
assumption is valid for Kn < 0.01 as a basic rule (Siemens PLM, 2017b, p. 3170), (Gatski and
Bonnet, 2013, p. 82).
Kn =
M∞
Re∞
√
γpi
2
(3.15)
Computing this parameter for each freestream case shows that the continuum assumption is indeed
met, with the Knudsen number staying an order of magnitude under the maximum limit for a
continuum as shown in Figure 3.19.
Figure 3.19 Knudsen Number Validation of Continuum Assumption
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3.3.2.2 Recommended Physics Models
As previously mentioned, the physics models described in Section 3.2.4 do not necessarily predict
all traits of air in the high-speed regimes in question. The concern of this investigation not to
model the exact behavior, but just that of calorically perfect air over a variety of interaction
strength. Table 3.8 highlights the recommended assumptions by Siemens for modeling high-speed
flows (Siemens PLM, 2017b, p. 3170).
Table 3.8 Recommended Physics Models for High-Speed
Mach Number Flow Physics Regime
M < 3.0 Calorically Perfect
3.0 < M < 8.0 Thermally Perfect
8.0 < M < 30.0 Dissociation
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CHAPTER 4. RESULTS
4.1 Introduction
Results for flat plates are examined for the behavior of shock waves and boundary layers as the
hypersonic interaction parameter increases. Convergence is determined by observing convergence
of unit span forces. The section coefficients of lift, drag, and leading edge moment are used for this
purpose.
cl =
Fy
1
2ρ∞U
2∞L
(4.1)
cd =
Fx
1
2ρ∞U
2∞L
(4.2)
cm =
MLE
1
2ρ∞U
2∞L2
(4.3)
Profiles of shock waves and boundary layers are created using power law fits of the form y = bxm,
where b is referred to as the power law constant and m as the power law exponent. Flat plate heat
flux, defined as q = −k
(
∂T
∂y
)
y=0
with the y-direction being normal to the the flat plate, is evaluated
using the Stanton number defined by Kays (1966) as a characterizing nondimensional quantity. The
Stanton number represents the ratio of heat transfer to the total thermal capacity of the freestream.
h =
q
Tw − T∞ (4.4)
St =
h
ρ∞U∞cp
(4.5)
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Wall profiles of pressure and shear stress are nondimensionalized using similar scaling parameters
as Khorrami (1991). This requires the definition of the small perturbation parameter, , as follows.
 =
M
1/2
∞
Re
1/4
∞
=
χ3/2
M∞
(4.6)
Pressure is nondimensionalized to the quantity p∗ such that it scales the static pressure ratio
with the quantity 2γM2∞, which is directly used by Khorrami. Similarly, wall shear stress is
nondimensionalized to the quantity τ∗. While not directly defined by Khorrami, it is arrived at
using the nondimensionalization of the base variables of wall shear stress. In this form, distance
in the vertical direction is normalized by L, horizontal velocity by U∞, and dynamic viscosity by
µ∞M2∞.
p∗ =
(
1
2γM2∞p∞
)
p (4.7)
τ∗ =
(
L
µ∞M2∞U∞
)(
µ
∂u
∂y
)
y=0
(4.8)
4.2 Layer Detection
Two results of paramount interest are the profiles of the boundary layer and shock wave. How-
ever, these profiles are characterized by general behavior of the flowfield, rather than quantifiable
values. While easy to visually identify, numerically identifying these two locations requires a bit
more thought. This section aims to overview the methods used to extract shock wave and boundary
layer from the steady-state fluid domain solution.
4.2.1 Shock Wave Detection
A characteristic property of shock waves generated by supersonic flow is a discontinuity pressure
and density. Both of these properties experience a sudden rise when passing through a shock wave,
as is shown for pressure in Figure 4.1 and density is Figure 4.2. This characteristic is utilized
to extract the position of the leading edge shock wave using scalar ratios of p/p∞ and ρ/ρ∞.
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By taking profiles in the vertical direction at individual horizontal stations along the plate, these
discontinuities can be easily identified by the jump from a unity ratio of the respective scalar
property to its value in the freestream when the vertical probe passes through the shock wave.
Figure 4.1 H∗w = 0.1, χ = 2.75, Flat Plate Static Pressure Ratio Contour
Figure 4.2 H∗w = 0.2, χ = 1.00, Flat Plate Density Ratio Contour
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4.2.2 Boundary Layer Detection
Detecting the boundary layer edge takes a similar process to that described in Section 4.2.1. In
this case, the characteristic behavior of constant total pressure in the boundary layer is utilized.
This behavior can be easily seen in Figure 4.3, which displays a distinct edge to the boundary
layer in the near-wall region, where pt/pt,∞ becomes a constant, near-zero value. By again taking
vertical profiles of this scalar property at horizontal stations downstream, the boundary layer edge
can be located by the first large deviation of the scalar ratio from its value at the wall.
Figure 4.3 H∗w = 0.3, χ = 2.00, Flat Plate Total Pressure Ratio Contour
4.3 Isothermal Flat Plate Results
Isothermal flat plates are investigated for behavior as the hypersonic interaction parameter
becomes large. Runs show good signs of convergences and characteristic properties of the flowfield
around the flat plate exhibit asymptotic behavior in strong interactions. Wall temperature has a
noticeable effect on the position of the shock wave and boundary layer.
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4.3.1 Forces and Convergence
Using Equations 4.1 - 4.3, steady state forces on the flat plate are observed. Forces are calculated
in STAR-CCM+ from pressure and shear stress acting on the plate wall. Coefficients of lift, drag
and moment in Figure 4.4 show signs of asymptoting to singular values for the isothermal flat
plate as χ becomes large for all isothermal cases in question. This is a good first indication of the
asymptotic nature of leading edge shock wave – boundary layer interactions.
(a) Section Lift Coefficient (b) Section Drag Coefficient
(c) Section Leading Edge Moment Coefficient
Figure 4.4 Isothermal Flat Plate: Force Coefficients
Flat plate forces are also used to determine the solution convergence. The forces acting on the
plate for the final 40% of the simulation are compared to the final result. Figure 4.5 shows the error
of the maximum deviation in this range relative to the final reported force from the simulation.
The extremely low errors help show that the solution is well converged and unchanging during this
time.
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(a) Section Lift Coefficient (b) Section Drag Coefficient
(c) Section Leading Edge Moment Coefficient
Figure 4.5 Isothermal Flat Plate: Force Coefficient Convergence
4.3.2 Shock Wave Characterization
Shock wave profiles extracted using methods described in Section 4.2.1 are characterized using
a power law fit of form y = bxm. The results of this characterization are shown in Figure 4.6. The
power law constant characterizes the height of the shock wave at the end of the flat plate, while
the exponent characterizes the curvature. It can clearly be seen that as the hypersonic interaction
parameter increases, the shock wave moves closer to the plate, while also becoming more curved.
A distinguishable trend for the power law constant in Figure 4.6a shows the shock wave height
at large values of χ appearing to vary linearly with H∗w, and therefore the wall temperature. This
relationship shows the shock wave height growing with proportionally to the wall temperature.
Another distinguishable trend appears in Figure 4.6b for the power law exponent, showing that as
χ increases, the exponent appears to converge to the range 0.70 < m < 0.75.
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(a) Power Law Constant (b) Power Law Exponent
Figure 4.6 Isothermal Flat Plate: Shock Wave Power Law Characterization
4.3.3 Boundary Layer Characterization
Similar to the shock wave, the boundary layer for the isothermal flat plate is characterized using
a power law fit, shown in Figure 4.7. The boundary layer height characterized by the power law
constant in Figure 4.7a shows signs of a linear relationship with the wall temperature, increasing
proportionally to each other, especially at large values of χ. The boundary layer also shows signs
of becoming less curved as χ increases, showing convergence to a power law exponent of 0.60 <
m < 0.65 in Figure 4.7b.
(a) Power Law Constant (b) Power Law Exponent
Figure 4.7 Isothermal Flat Plate: Boundary Layer Power Law Characterization
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4.3.4 Shock Wave – Boundary Layer Profiles
The characterization of the shock wave behavior in Section 4.3.2 and boundary layer behavior
in Section 4.3.3 show signs that the shock wave and boundary layer are converging to a single
profile at large values of χ. By examining the power law fit behavior for increasing interaction for
all isothermal wall temperatures, a consistent behavior of the shock wave and boundary layer is
observed. Figure 4.8 displays the extracted locations of the shock wave and boundary layer edge
(BLE) and their corresponding power law fits for a limited range of the interaction parameters
tested. A clear asymptotic behavior in the shock wave and boundary layer behavior can be seen in
these results as they approach a limit of how closely they overlay each other.
4.3.5 Heat Transfer
The heat transfer is evaluated for the isothermal flat plate using the average Stanton number,
which is calculated as the integral of the Stanton number over the length of the normalized plate.
The Stanton number is previously defined in Equation 4.5. The heat transfer behavior can be
observed in Figure 4.9. The single case of H∗w = 0.1, χ = 1.00 is excluded as these conditions
reduce the wall temperature below the freestream static temperature, thus flipping the sign of the
Stanton number. The entire case of H∗w = 0.5 is excluded, as this corresponds to when Tw = Tt,∞,
resulting in near-zero heat flux for the entire wall and subsequently a near-zero Stanton number.
The effect of increasing the wall temperature produces the expected result of reducing the
Stanton number, for as the wall temperature comes closer to the total temperature of the freestream,
less heat can be transferred from the freestream into the wall. A diminishing effect can also be
seen in the change of Stanton number as the hypersonic interaction parameter becomes large. This
suggests the presence of an asymptotic limit of the Stanton number for a given wall enthalpy.
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(a) H∗w = 0.1 (b) H
∗
w = 0.2
(c) H∗w = 0.3 (d) H
∗
w = 0.4
(e) H∗w = 0.5
Figure 4.8 Isothermal Flat Plate: Shock Wave – Boundary Layer Profiles
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Figure 4.9 Isothermal Flat Plate: Average Stanton Number
4.3.6 Wall Profiles
Isothermal wall profiles are observed for both pressure and shear stress acting on the flat plate
surface. These are the base properties from which forces in Section 4.3.1 are calculated from and
serve as reference for characterization of isothermal ramp cases.
4.3.6.1 Pressure
Pressure profiles are shown in Figure 4.10 for all cases of isothermal wall temperature. Each case
shows peak pressure occuring at the leading edge, where the shock wave and boundary layer are
closest together. The nondimensional pressure also shows a diminishing decrease as the interaction
parameter increases. Finally, it can also be seen that for cases of high wall enthalpy and strong
interaction, the pressure on the downstream half of the plate appears to oscillate. The cause of this
behavior is unknown at this time.
4.3.6.2 Shear Stress
Shear stress profiles are shown in Figure 4.11 for all isothermal wall cases. Like pressure,
peak shear stress occurs at the leading edge where the shock wave and boundary layer become
indistinguishable. The flat plate temperature does not appear to have a significant impact on
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the wall shear stress values. Similar to pressure, the nondimensional shear stress decreases in
diminishing increments as the interaction parameter increases.
(a) H∗w = 0.1 (b) H
∗
w = 0.2
(c) H∗w = 0.3 (d) H
∗
w = 0.4
(e) H∗w = 0.5
Figure 4.10 Isothermal Flat Plate: Pressure Distribution
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(a) H∗w = 0.1 (b) H
∗
w = 0.2
(c) H∗w = 0.3 (d) H
∗
w = 0.4
(e) H∗w = 0.5
Figure 4.11 Isothermal Flat Plate: Shear Stress Distribution
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4.4 Constant Heat Flux Flat Plate Results
Flat plates with constant heat flux are investigated similarly to the isothermal flat plate cases.
Cases show good signs of convergence and limited asymptotic behavior can be observed.
4.4.1 Forces and Convergence
Forces coefficients for constant heat flux flat plate cases are plotted in Figure 4.12. It can
clearly be seen that, although heat flux is varied over several orders of magnitude, only the largest
heat flux cases seem to have an effect on the flat plate characteristics. All other cases are near-
indistinguishable from the adiabatic case. A general trend can be seen that these force coefficients
start to converge to a singular value as the interaction parameter increases.
(a) Section Lift Coefficient (b) Section Drag Coefficient
(c) Section Leading Edge Moment Coefficient
Figure 4.12 Constant Heat Flux Flat Plate: Force Coefficients
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Forces are evaluated over the last 40% of the simulation to determine solution convergence. The
maximum variance in the evaluated range relative to the final value is shown in figure 4.13. The
simulations show good signs of convergence, as all error is extremely small.
(a) Section Lift Coefficient (b) Section Drag Coefficient
(c) Section Leading Edge Moment Coefficient
Figure 4.13 Constant Heat Flux Flat Plate: Force Coefficient Convergence
4.4.2 Shock Wave Characterization
Shock wave behavior is characterized for constant heat flux flat plates and is displayed in Figure
4.14. The shock wave profiles show very clear evidence that until sufficiently large values of heat
flux through the plate are reached, there is little to no effect on the behavior of the flat plate. As
the interaction between the shock wave and boundary layer grows stronger, it can be seen in Figure
4.14a that the height of the shock wave lessens. At the same time, the leading edge shock wave
gains curvature as the power law exponent in Figure 4.14b tends 0.7 < m < 0.75. This is similar
to the behavior of the isothermal flat plate in Section 4.3.2.
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(a) Power Law Constant (b) Power Law Exponent
Figure 4.14 Constant Heat Flux Flat Plate: Shock Wave Power Law Characterization
4.4.3 Boundary Layer Characterization
The boundary layer edge demonstrates the same near-identical results as the shock wave char-
acterization. However, the boundary layer does exhibit similar behavior to that of the isothermal
flat plate boundary layer discussed in Section 4.3.3. As the interaction parameter increases, the
boundary layer rises to meet the shock wave, as shown in Figure 4.15a, and the power law expo-
nent in Figure 4.15b indicates a loss of curvature in the boundary layer. This power law exponent
appears to converge to the range of 0.6 < m < 0.65.
(a) Power Law Constant (b) Power Law Exponent
Figure 4.15 Constant Heat Flux Flat Plate: Boundary Layer Power Law Characterization
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4.4.4 Shock Wave – Boundary Layer Profiles
Shock wave – boundary layer profiles are plotted for the power law fits retrieved in Sections
4.4.2 - 4.4.3. As can be predicted from the previous characterization, there is very little deviation
in the shock wave and boundary layer locations between heat flux cases. However, the plots in
Figure 4.16 still demonstrate the asymptotic behavior during strong interactions of the shock wave
and boundary layer, as the two layers come together at a slowing rate.
(a) q = 0 W/m2 (b) q = −102 W/m2
(c) q = −104 W/m2 (d) q = −105 W/m2
(e) q = −106 W/m2
Figure 4.16 Constant Heat Flux Flat Plate: Shock Wave – Boundary Layer Profiles
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4.4.5 Heat Transfer
Even though heat flux is specified as a constant, the average Stanton number is computed to
compare the results of constant heat flux to those of the isothermal flat plate. With the calculation
of this parameter in Figure 4.17, it can be seen that the constant heat flux cases result in much
smaller Stanton numbers than those in the isothermal flat plate case shown in Figure 4.9. When
comparing these two cases, an observation based on limited data could theorize that for a Stanton
number magnitude less than 10−3, differences from an adiabatic case are minimal. It is only for
the case of q = −106 W/m2 that a noticeable difference in shock wave – boundary layer interaction
is seen. This is also the only case of the constant heat flux plates to exceed |St| = 10−3, whereas
all isothermal flat plate cases exceed this condition.
Figure 4.17 Constant Heat Flux Flat Plate: Average Stanton Number
4.4.6 Wall Profiles
Similar to that done in the isothermal flat plate cases, profiles of pressure and shear stress along
the wall are observed. These properties are the basis for calculating the forces previously mentioned
in Section 4.4.1.
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4.4.6.1 Pressure
The nondimensional wall pressure profiles shown in Figure 4.18 exhibit the same inverse rela-
tionship to the hypersonic interaction parameter as those seen in Figure 4.10. As χ increases, the
overall magnitude of the normalized pressure decreases. This decrease in p∗ also demonstrates the
same diminishing behavior as the isothermal cases, where larger values of χ results in less overall
change in the pressure profile. The peak pressure is still seen at the leading edge, in the region of
the strongest interaction between the shock wave and boundary layer. One last similarity to the
isothermal cases is the oscillatory nature farther downstream (x/L < 1/2). This behavior starts
to appear in Figure 4.10d, but becomes much more apparent in Figure 4.10e, the near-adiabatic
isothermal case of H∗w = 0.5. While an exact cause of this behavior is not currently known, when
considering the behavior of the isothermal cases with low heat transfer and the extremely low Stan-
ton numbers presented in Section 4.4.5, it can be speculated that the behavior is limited to cases
in lower heat flux regimes, rather than higher.
4.4.6.2 Shear Stress
Similar to the isothermal cases, the nondimensional wall shear stress for a constant heat flux
appears to be largely unaffected, as shown in Figure 4.19. Again, maximum values occur at the
leading edge where interaction are the strongest and a diminishing reduction in nondimensional
value is seen as the interaction parameter is increased.
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(a) q = 0 W/m2 (b) q = −102 W/m2
(c) q = −104 W/m2 (d) q = −105 W/m2
(e) q = −106 W/m2
Figure 4.18 Constant Heat Flux Flat Plate: Pressure Distribution
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(a) q = 0 W/m2 (b) q = −102 W/m2
(c) q = −104 W/m2 (d) q = −105 W/m2
(e) q = −106 W/m2
Figure 4.19 Constant Heat Flux Flat Plate: Shear Stress Distribution
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4.5 Compression Ramp Results
Isothermal compression ramps are investigated as an extension of the isothermal flat plates in
Section 4.3. Forces are examined for behavior in strong interactions and confirmation of simulation
convergence. Shock wave – boundary layer behavior is briefly discussed. Effects of compression
ramps in causing upstream influence and separation are investigated.
4.5.1 Forces and Convergence
Forces are examined for the isothermal compression ramps as an extension of the trends seen
in Section 4.3.1. The results of these forces is shown in Figures 4.20 – 4.24 for individual wall
enthalpy values. The lift coefficient decreases while drag coefficient increases with an increase in
ramp angle, as would be expected for this geometry change. A decrease in leading edge moment
coefficient is also observed. Force results continue to show signs of asymptotic behavior in cases of
strong interaction between the shock wave and boundary layer.
(a) Section Lift Coefficient (b) Section Drag Coefficient (c) Section Moment Coefficient
Figure 4.20 H∗w = 0.1 Ramp: Force Coefficients
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(a) Section Lift Coefficient (b) Section Drag Coefficient (c) Section Moment Coefficient
Figure 4.21 H∗w = 0.2 Ramp: Force Coefficients
(a) Section Lift Coefficient (b) Section Drag Coefficient (c) Section Moment Coefficient
Figure 4.22 H∗w = 0.3 Ramp: Force Coefficients
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(a) Section Lift Coefficient (b) Section Drag Coefficient (c) Section Moment Coefficient
Figure 4.23 H∗w = 0.4 Ramp: Force Coefficients
(a) Section Lift Coefficient (b) Section Drag Coefficient (c) Section Moment Coefficient
Figure 4.24 H∗w = 0.5 Ramp: Force Coefficients
Forces are once again used to validate convergence of results. The last 40% of each simulation
is evaluated for oscillation in force values. Convergence uncertainty plots in Figures 4.25 - 4.29
depict the maximum relative error to the final force in this range. The uncertainty levels in this
case show minimal oscillation, indicating a converged steady-state solution for the ramp cases.
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(a) Section Lift Coefficient (b) Section Drag Coefficient (c) Section Moment Coefficient
Figure 4.25 H∗w = 0.1 Ramp: Force Coefficient Convergence
(a) Section Lift Coefficient (b) Section Drag Coefficient (c) Section Moment Coefficient
Figure 4.26 H∗w = 0.2 Ramp: Force Coefficient Convergence
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(a) Section Lift Coefficient (b) Section Drag Coefficient (c) Section Moment Coefficient
Figure 4.27 H∗w = 0.3 Ramp: Force Coefficient Convergence
(a) Section Lift Coefficient (b) Section Drag Coefficient (c) Section Moment Coefficient
Figure 4.28 H∗w = 0.4 Ramp: Force Coefficient Convergence
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(a) Section Lift Coefficient (b) Section Drag Coefficient (c) Section Moment Coefficient
Figure 4.29 H∗w = 0.5 Ramp: Force Coefficient Convergence
4.5.2 Shock Wave – Boundary Layer Behavior
Shock wave – boundary layer profiles are not extracted for compression ramp cases. This is
due to complications when accounting for the oblique shock generated by the compression ramp.
However, numerical methods can be used to observe the behavior exhibited by the addition of the
ramp geometry. An instantaneous numerical schlieren function is defined by Wu and Martin (2007).
NS = c1 exp
[−c2 (|∇ρ| − |∇ρ|min)
(|∇ρ|max − |∇ρ|min)
]
(4.9)
This function is used to visualize the shock wave – boundary layer interaction for ramp cases, where
the scaling constants for shading are are c1 = 0.85 and c2 = 4000 for the present investigation.
Figure 4.30 uses this numerical function to display interaction for a select number of cases to better
illustrate the flowfield. The shock waves appear as bright, sharp lines, while the boundary layer
appears as a gradient near the wall. The oblique compression shock can be seen sitting atop the
boundary layer, but under the leading edge shock. As χ increases, and the leading edge shock and
boundary layer move closer together, while the compression shock appears to stay between the two.
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The behavior of the leading edge shock and boundary layer is consitent with that of the flat plates,
with the added complexity of an additional shock and turned flow in the ramp region.
(a) χ = 1.0
(b) χ = 2.0
(c) χ = 3.0
Figure 4.30 H∗w = 0.1, θ = 12.0o Ramp: Numerical Schlieren
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4.5.3 Upstream Influence and Separation
Methods are discussed to determine upstream influence and separation based on wall profile
comparisons to previous flat plate cases. Impact of boundary conditions on measured properties is
noted.
4.5.3.1 Upstream Influence
Upstream influence is detected by comparing wall pressure and shear stress profiles to the
corresponding flat plate case for a given set of freestream conditions. This detection is demonstrated
in Figure 4.31 for both quantities at the same set of boundary conditions.
(a) Wall Pressure Upstream Influence (b) Wall Shear Stress Upstream Influence
Figure 4.31 Ramp Upstream Influence Detection
By evaluating the upstream influence region for all freestream condition – ramp angle com-
binations, the overall behavior of upstream influence can be characterized. Good agreement is
seen between wall pressure and shear stress predictions of upstream influence length for all cases.
The average upstream influence length lu is then calculated from the two separate estimates of
upstream influence regions. This characterization is shown in Figure 4.32 for individual cases of
isothermal wall condition. While at least minor upstream influence is observed for all ramp cases,
this distance is observed to increase as the wall temperature increases. The length of the upstream
influence region also appears to tend toward a constant distance as interaction of the shock wave
and boundary layer becomes stronger for a given wall temperature and ramp angle.
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(a) H∗w = 0.1 (b) H
∗
w = 0.2
(c) H∗w = 0.3 (d) H
∗
w = 0.4
(e) H∗w = 0.5
Figure 4.32 Isothermal Ramp Upstream Influence
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4.5.3.2 Flow Separation
Flow separation has a noticeable impact on the wall shear stress. When the flow separates, the
wall shear stress drops to zero. In cases of recirculation, the sign of the shear stress reverses. When
considering the absolute value of the wall shear stress, flow separation causes a local minima ahead
and behind the plate-ramp junction. The location ahead of the ramp start indicates the separation
point, where as the point on the ramp indicates the reattachment location. The distance between
these two points is considered the separation line, with length ls. Detection of this separation region
is demonstrated in Figure 4.33.
Figure 4.33 Ramp Flow Separation Detection
With a method of detecting separation defined, the separation behavior can then be character-
ized. Characterization of flow separation length near the plate-ramp junction can be seen in Figure
4.34. Similar to upstream influence, a clear impact of wall temperature on the separation length
can be seen. As H∗w increases, and the wall temperature with it, the separation length becomes a
significant portion of the plate length. The separation length also appears to become constant as
the shock wave – boundary layer interactions become stronger for cases of higher wall temperature.
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(a) H∗w = 0.1 (b) H
∗
w = 0.2
(c) H∗w = 0.3 (d) H
∗
w = 0.4
(e) H∗w = 0.5
Figure 4.34 Isothermal Ramp Flow Separation
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CHAPTER 5. SUMMARY AND DISCUSSION
5.1 Summary
A computational model has been developed for simulating laminar–hypersonic flows of calori-
cally perfect gas over flat plates and compression ramps in the commercial CFD software STAR-
CCM+. Modeling choices were made to match assumptions required of analytical models to create
benchmark data for a variety of configurations. Independent variables in the investigation include
Mach number, Reynolds number, wall thermal condition and ramp angle. Previous investigations
have focused primarily on isothermal or adiabatic walls. The current investigation adds the speci-
fication of constant heat flux through the plate surface to the investigation.
Good convergence of solution is observed for all cases presented and trends in forces acting
on the plate geometry are analyzed. Shock wave and boundary layer locations are extracted for
flat plates using characteristic trends in scalar properties. These profiles are then characterized
using power law curve fitting. Upstream influence on isothermal compression ramps is evaluated
by comparing pressure and shear stress distributions to those of their corresponding flat plate cases.
5.2 Conclusions
The present investigation provides clear evidence in a number of properties of asymptotic be-
havior in cases of strong interaction between the attached leading edge shock wave and boundary
layer on plate geometries in laminar–hypersonic flow. Plate force coefficients, such as those shown
in Figures 4.4, 4.12, and 4.20 - 4.24 are one example of this behavior. As the hypersonic inter-
action parameter becomes large, these force values show signs of leveling off to a constant value,
independent of interaction parameter.
This asymptotic behavior is also seen in the characterized behavior of the shock wave and
boundary layer profiles. For both constant temperature and constant heat flux, the shock wave
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consistently lowers toward the boundary layer, while the boundary layer rises toward the shock
wave. This behavior is best demonstrated in Figures 4.8 and 4.16. Another notable trait of these
profiles is the asymptotic behavior of the power law exponents in Figures 4.6b, 4.7b, 4.14b and
4.15b. This behavior shows general agreement with the theory presented in Dorrance (1962) that
for sharp leading edge bodies, in the strong interaction limit of M∞ → ∞, the laminar boundary
layer takes on the power law form of y = bx3/4 as the shock wave and boundary layer come together.
This helps better conclude that the models in use are capable of recreating the asymptotic trends
predicted in the strong interaction theory.
When comparing effects of heat transfer, considering the Stanton number provides valuable
information for boundary layer theories. The order–of–magnitude study for constant dimensional
heat flux on the flat plate finds that unless the flat plate heat flux is a sizeable portion of the
freestream thermal capacity, behavior will mimic that of an adiabatic wall. This observed behavior
can help inform modeling assumptions in future studies.
Finally, isothermal compression ramps also show signs of asymptotic behavior in regard to
upstream influence and separation occurring at the plate-ramp junction. Both of these properties
show independence from interaction parameter at interactions of χ > 2. This behavior can be used
to inform lower order models for prediction of upstream influence and separation for sufficiently
strong shock wave – boundary layer interactions.
Several signs of asymptotic behavior are observed in the present study. This behavior provides
validation to hypersonic boundary layer theories which are built on the premise of this asymptotic
behavior, when the shock wave and boundary layer tend towards a single boundary.
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